Abstract Processes such as aberrant redox signaling and chronic low-grade systemic inflammation have been reported to modulate age-associated pathologies such as cognitive impairment. Curcumin, the primary therapeutic component of the Indian spice, Turmeric (Curcuma longa), has long been known for its strong antiinflammatory and antioxidant activity attributable to its unique molecular structure. Recently, an interest in this polyphenol as a cognitive therapeutic for the elderly has emerged. The purpose of this paper is to critically review preclinical and clinical studies that have evaluated the efficacy of curcumin in ameliorating and preventing ageassociated cognitive decline and address the translational progress of preclinical to clinical efficacy. PubMed, semantic scholar, and Google scholar searches were used for preclinical studies; and clinicaltrials.gov, the Australian and New Zealand clinical trials registry, and PubMed search were used to select relevant completed clinical studies. Results from preclinical studies consistently demonstrate curcumin and its analogues to be efficacious for various aspects of cognitive impairment and processes that contribute to ageassociated cognitive impairment. Results of published clinical studies, while mixed, continue to show promise for curcumin's use as a therapeutic for cognitive decline but overall remain inconclusive at this time. Both in vitro and in vivo studies have found that curcumin can significantly decrease oxidative stress, systemic inflammation, and obstruct pathways that activate transcription factors that augment these processes. Future clinical studies would benefit from including evaluation of peripheral and cerebrospinal fluid biomarkers of dementia and behavioral markers of cognitive decline, as well as targeting the appropriate population.
Introduction
Age-associated cognitive decline lowers the quality of life and increases the cost of living for the affected individual and their families. Known risk factors for cognitive decline include heart disease, stroke, high blood pressure, high cholesterol, and diabetes. Aging, however, remains the greatest risk factor due to processes such as oxidative stress and inflammation that increase with age, both of which exacerbate cognitive decline via homeostatic imbalance. Neuroinflammation has been tied to disease progression and severity in Alzheimer's disease (AD) where misfolded and aggregated proteins trigger an immune response resulting in neuronal death and progressive cognitive decline (Cai et al. 2014; Di Benedetto et al. 2017; Heneka et al. 2015 ). Alzheimer's disease affects 10% of individuals over the age of 65, rising to over 40% in those aged over 85 (Qiu et al. 2009 ). Oxidative stress, which results in cumulative oxidative damage with aging, is generated by the accumulation of oxygen free radicals. Cumulative oxidative damage has been mechanistically implicated in cell death and over time systemic functional debilitation (Droge and Schipper 2007; Mariani et al. 2005; Niedzielska et al. 2016 ). Suzuki and colleagues examined a set of Okinawan centenarians and their family members to examine what factors contributed to their long life expectancy and healthy life span. They reported that there is a progressive increase in lipid peroxidation levels with age, which was not the case for the successfully aging centenarians. The drop in oxidative stress in centenarians compared to those younger was attributed to their adherence to a high antioxidant dietary regimen (Suzuki et al. 2010) .
Dietary modifications and/or nutraceutical supplementation are attractive avenues for the treatment of ageassociated diseases; as monotarget therapies are showing less and less promise (Doody et al. 2014; Salloway et al., 2014) . In order to understand how dietary interventions affect aging at the molecular level, much attention is being given to their individual components, most of which either have high polyphenol component or produce polyphenols as secondary metabolites. Polyphenols are the largest group of phytochemicals and have been reported to have strong antioxidant activities in both in vitro and in vivo studies (Molino et al. 2016; Schaffer et al. 2012) . Curcumin, a polyphenol with strong antioxidant activity, is the active component responsible for the yellow color of the spice turmeric and makes up5 % of the spice. Turmeric is one of the most widely used spices throughout the world, with a rich history as a herbal supplement in both ancient China and India (Goel et al. 2008; Gupta et al. 2013; Lee et al. 2013) . Curcumin is the key component responsible for the major therapeutic properties attributed to turmeric including antioxidant, anti-inflammatory, anti-mutagenic, and antimicrobial activities among others (Anand et al. 2011; Shehzad et al. 2013 ). Curcumin's molecular structure and its ability to cross the blood-brain barrier provide a promising avenue for neuroprotection. It is the presence of both oxidative stress and inflammation around neurons and glial cells that is significantly associated with brain aging and injury (Polazzi and Monti 2010) . Reports have suggested lower dementia prevalence in South Asia to be directly attributable to the amount of turmeric used in daily cooking (Ng et al. 2006) .
Epidemiology studies
The lower dementia prevalence and high consumption of turmeric in South Asia has led to much anecdotal evidence and epidemiological studies attributing lower dementia rates to higher curry consumption. A 2-year prospective study in an Indian village using the Clinical Dementia Rating (CDR) scale to determine the agespecific incidence of AD found a significantly higher incidence of AD in an age-matched rural US community (Chandra et al. 2001) .The authors however noted that there were certain confounding factors that could have affected the result such as ε4 allele of the apolipoprotein E gene (APOE4) status and mortality rates. Another study reported on the prevalence of all types of dementia in an urban Indian population. They used a diagnostic determination based on joint decisions by neurologists, psychiatrists, and psychologists using criteria from the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV), CDR, and analysis daily living activities. While the prevalence of dementia based on age was the same, the incidence was lower than that reported in developed countries (Vas et al. 2001) . In 2006, Ng and colleagues reported that non-demented individuals in Singapore between the ages of 60-93 who Boften or very often^or Boccasionally^consumed curry performed significantly better on the Mini-Mental State Exam (MMSE) compared to those who Bnever or rarely^consumed curry (Ng et al. 2006) . This is one of the few population-based studies that reported on life-long curry consumption and memory rating within the population itself, thereby avoiding some of the cultural biases and genetic confounding factors that were reported by the predecessors.
Results from these studies and public health data from this region when compared to Western countries indicated an association between curry consumption particularly turmeric and better cognitive function in elderly subjects. Further, due to curcumin's multi-faceted pharmacology, extensive effort has been put toward the possibility of using curcumin to treat or prevent age-related neurodegenerative diseases such as AD, Parkinson's disease (PD), and cerebrovascular disease (Bigford and Del Rossi 2014; Mourtas et al. 2014; Siddique et al. 2014 ).
Curcumin molecular structure
Turmeric consists of three important components also called curcuminoids, curcumin, demethoxycurcumin (DMC), and bisdemethoxycurcumin (BDMC) (Fig. 1) . Curcumin, also known as diferuloylmethane, is a low molecular mass polyphenol compound and is the most abundant among the three making up about 77% of the curcuminoids . It also has been reported to have better antioxidant and antiinflammatory action compared to the other two curcuminoids (Anand et al., 2008) . Curcumin consists of two aryl rings containing ortho-methoxy phenolic hydroxyl (OH) groups that are symmetrically linked to a β-diketone moiety (Fig. 1) . The occurrence of intramolecular hydrogen atoms transfer at the β-diketone chain of curcumin leads to the existence of keto and enol tautomeric conformations in equilibrium. Curcumin's unique molecular structure contributes to its strong antioxidant and anti-inflammatory properties.
Curcumin and the KEAP1-NRF2-ARE system
The KEAP1-NRF2-ARE is an endogenous antioxidant system that is activated by mild to moderate levels of stress-induced reactive oxygen species (ROS)/free radicals (Motohashi and Yamamoto 2004) . In a state of mild to moderate stress, the conformation of Kelch-like ECH-associated protein 1 (KEAP1) changes due to modification of its cysteine residues undergoing a Michael addition reaction (Nguyen et al. 2009 ). The conformational change in KEAP1 breaks the bond between KEAP1 and nuclear factor E2-related factor 2 (NRF2) releasing a phosphorylated NRF2, which then undergoes nuclear translocation binding and inducing transcription of antioxidant response elements (ARE) (Itoh et al. 2015; Petri et al. 2012; Satoh et al. 2013) . The induction of ARE upregulates endogenous antioxidant enzyme synthesis and increases detoxification enzymes production (Itoh et al. 2015; Sykiotis et al. 2011) . One of these enzymes includes the glutamate cysteine ligase catalytic subunit (GCLc) (Bea et al. 2003; Mani et al. 2013) . GCLc is a rate-limiting enzyme in glutathione synthesis. Glutathione in its native form (GSH) is a strong antioxidant, which is synthesized in the liver and is the body's principal non-protein thiol tripeptide (DeLeve and Kaplowitz 1990). The redox state of a cell is often defined by the ratio of reduced (GSH) to oxidized form of glutathione, called glutathione disulfide (GSSG) (Zhang et al. 2013 ). This ratio has been used in preclinical and clinical studies as a sensitive marker for systemic oxidative stress. Depletion of GSH or a decrease in its redox state (GSH/GSSG) has been implicated in several neurodegenerative pathologies like AD and PD as well as in normal aging (Bermejo et al. 2008; Zhu et al. 2006) .
The o-methoxy group that flanks the curcumin base molecular structure makes it a strong free radical scavenger. The hydrogen bonding interaction between the phenolic OH and the o-methoxy groups greatly modulates the OH bond energy enabling the hydrogen atom to be acquired by free radicals, stabilizing them (Esatbeyoglu et al. 2012) . Along with curcumin's molecular structure enabling it to be a strong antioxidant, its binding capability to KEAP1 due to its electrophilic properties makes it a strong NRF2 inducer. Curcumin acts as an electrophile and binds to KEAP1 via the sulfhydryl (SH) group, which leads to cysteine modification and stabilizes NRF2 (Magesh et al. 2012) (Fig. 2) . The stabilization and separation of NRF2 from KEAP1 leads to its nuclear translocation, and transcription of ARE induces phase II antioxidant genes which activates enzymes that synthesize GSH (Esatbeyoglu et al. 2012; Trujillo et al. 2014) . 
Curcumin and the NF-κB system
The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) transcription factor has been reported to be the master regulator of inflammatory processes and is extremely sensitive to oxidative stimuli sharing a reciprocal relationship. NF-κB activity is modulated by upstream signaling pathways, which includes the inhibitor of nuclear factor kappa-B kinase subunit B (IKKβ). The activated IΚΚ complexes phosphorylate the IκΒ subunits of NF-κB leading to the degradation of IκΒ allowing the nuclear translocation of NF-κB and transcription of proinflammatory cytokines. This system is an integral part of the body's immune system and is strictly regulated. However, as individuals age, this well-controlled system gradually loses its integrity and results in continued transcription of NF-κB, inducing systemic chronic low-grade inflammation. Some of the downstream NF-κB induced proteins, tumor necrosis factor-α (TNF-α), interleukin 1 beta (IL-1β), and interleukin 6 (IL-6) themselves, are potent NF-κB activators and form an auto-activating loop (Hoesel and Schmid 2013; Lawrence 2009 ).
In human studies, circulating levels of proinflammatory cytokines have been reported to increase with aging; increased concentrations of IL-6, TNF-α, and IL-1β have been reported in both the periphery and central nervous system (CNS) leading to age-associated chronic low-grade systemic inflammation, also known as inflammaging (Sankowski et al. 2015; Winklewski et al. 2015) . The β-diketone moiety in the curcumin molecular structure is a Michael reaction acceptor, which by binding to IKKβ inhibits nuclear translocation of NF-κB (Anand et al. 2008; Anand et al. 2011; Fujisawa et al. 2004) (Fig.  2) . In addition, Devi and colleagues recently reported curcumin strongly inhibiting the expression of glycoprotein 130, a critical molecule in IL-6 signaling, along with inhibiting phosphorylation and nuclear localization of the signal transducer and activator of transcription 3 (STAT3), another well-known downstream mediator of IL-6 signaling. In the same study, expression of IL-1β-induced mRNA-binding protein YB-1 (p50) in uterine decidual cells was repressed by curcumin (Bhattacharya et al. 2015) . The synthesis of high sensitivity C-reactive protein (CRP), a biomarker for systemic inflammation, in hepatocytes is induced by proinflammatory cytokines primarily IL-6. Elevated CRP and IL-6 were reported to be indicative of cognitive decline in both obesity and aging (Puzianowska-Kuznicka et al. 2016 ).
Reviews of the literature have extensively covered various mechanisms by which curcumin can modulate inflammation and oxidative stress, but have focused on its potential as a therapeutic for conditions such as obesity, diabetes, and cancer (Alappat and Awad 2010; Jimenez-Osorio et al. 2016; Shanmugam et al. 2015) . Several separate preclinical and clinical reviews have reported on curcumin but most have been in comparison with other nutritional strategies and/or polyphenolic compounds in their effect on cognitive impairment (Mazzanti and Di Giacomo 2016; Vivar 2015) .
In the past 10 years, a body of preclinical studies using different models of aging has emerged that investigates curcumin's potential in preserving cognition in normal aging as well as in neurodegenerative disorders. While previous reviews have highlighted how curcumin and compounds similar to it in structure and function can affect cognition, none have provided a detailed overview on the recent preclinical and clinical studies on curcumin's efficacy for cognition and what mechanisms of action may contribute to this effect on memory. Therefore, the current report fills this gap by reviewing curcumin's mechanism of action associated with cognitive improvement and the translational progress to date in curcumin's potential as a cognitive therapeutic agent. The research question addressed by this report is as follows: what is the current state in the translation of research for curcumin as a therapeutic agent for cognitive aging and aging-associated pathological cognitive decline? To answer this question, this narrative review has been divided into three parts: (1) in-depth comparison and contrast of current preclinical studies to inform the future development of clinical trials, (2) examination of completed clinical studies, and (3) identification of translational successes and key barriers through an integrated interprofessional perspective.
Methods
PubMed and the Semantic Scholar database search engines, and the clinicaltrials.gov and anzctr.org.au sites were used to identify the studies relevant to this narrative review. The paper includes preclinical studies that have reported on the effects of curcumin on cognition in the past 10 years as well as completed clinical trials/studies/cases. Keywords used for the preclinical/animal studies search were BcurcuminÂ ND Baging^AND Bcognition.^The search output 24 results in PubMed and 15 in Semantic Scholar. Previous reviews that resulted from the search were omitted from this paper. Only reports that tested for curcumin's efficacy for cognition in different animal experimental models of aging were included, resulting in a total of 15 preclinical studies. The keywords used for the clinical studies section were Bcurcumin,^AND Bmemory,^AND Baging^with the filter Bhumanâ pplied. Among the papers generated, five published studies were selected for direct relevance to this review. Because this is a narrative review, all clinical studies were included regardless of sample size. To identify completed clinical trials, we searched for studies on clinicaltrials.gov and the Australian New Zealand clinical trials registry. Due to the lack of consistency in methodologies between studies, we have provided methodological details for the purposes of comparative review.
Preclinical studies

Transgenic studies
Several preclinical studies have been conducted on rodent models of AD since it accounts for approximately 70% late-onset cases of dementia. Most of these rodent models are transgenic models, which include mutations at the gene for amyloid precursor protein (APP) and Presenilin 1 (PS1) and Presenilin 2 (PS2) such as APP swe/ind , Tg2576, and 3xTgAD; some of these mutations have been identified in a subset of familial cases of AD (Bilkei-Gorzo 2014) . Familial forms of AD, just like sporadic AD, have identical behavioral deficits such as cognitive decline and molecular morbidities such as neuroinflammation and oxidative stress. A classic presentation of AD also includes neuritic plaques and neuron loss, which these transgenic models present.
The senescence accelerated mouse (SAM)-prone 8 (SAMP8) mice display a phenotype of accelerated aging and are frequently used for aging studies (Morley et al. 2012 ). Sun and colleagues evaluated the efficacy of curcumin in this model of accelerated aging. The mice were randomly assigned to four different groups where SAM-resistant mice were the negative control and the untreated SAMP8 mice were the positive control. In the treated SAMP8 mice, intragastric administration of curcumin (20 or 50 mg/kg) for 25 days had a dosedependent effect on cognition (decreased latency in the Morris Water Maze (MWM)) where the mice given the highest dose had the same latency as that reported with SAMR1 mice. The decreased expression of oxidative stress biomarkers (hippocampal malondialdehyde (MDA) and superoxide dismutase (SOD) content) were also dose dependent. Both doses also improved the expression of phosphorylated N-methyl-D-aspartic acid receptor 1 (NMDAR1) in the hippocampal membrane. There was also increased intensity in the immunohistochemical staining of the p-calcium/calmodulin-dependent kinase II (CAMKII) in the stratum lucidem area of the CA3 region in the hippocampus of the mice that received the highest dose indicating an improvement in synaptic plasticity (Sun et al. 2013) .
In a study using a double knockout model (APP/ PS1), cognitive and autophagy markers were measured in mice that were either on a low (160 ppm) or a high (1000 ppm) curcumin supplemented diet for 6 months. Autophagy is a degradative process where damaged organelles, cell constituents, and protein aggregates are recycled in special lysosomes called autophagosomes (Murrow and Debnath 2013; Ravanan et al. 2017) . After a 6-month dietary intervention, the mice underwent cognitive tests using MWM. Mice fed a curcumin diet had better working and long-term memory in a dosedependent manner. These mice also had a reduction in the amyloid beta 42 (Aβ 42 ) aggregates and better clearance of the dissolved aggregates. There was a significantly higher number of autophagosomes in the CA1 region of the curcumin groups along with an increased expression of Beclin 1 and downregulation of the PI3K/Akt/mTOR signaling pathway; these are biomarkers of autophagy (Wang et al. 2014b ). Other studies have used the same double knockout model to study a structural analog of curcumin named J147, which was reported to have better outcomes than the parent molecule. Qi Chen and colleagues conducted a study using J147 on both young rats and mice and a transgenic double knockout (APP/PS1) mouse strain. J147 is a derivative of CNB-001, which is pyrazole derivative of curcumin. J147 proved to be more potent than both CNB-001 and curcumin, and had the best neuroprotective effects among the various derivatives as indicated from results from the different assays in the authors' drug discovery scheme. J147 facilitated long-term potentiation (LTP) induction in rat hippocampal slices and improved recognition index in young male SpragueDawley rats tested on a novel object recognition test. The rats were injected with different doses of J147 1 h before habituation. The improvements were dose dependent and comparable to that reported after galantamine injection. They used young male C57BL/6 mice to test for memory in other behavioral assays; Y-maze, novel object location (NOL), and Barnes maze. Mice were fed J147 at 200 ppm in their food for 2 weeks before the administration of the behavioral assays. In the NOL test, J147 supplemented mice experienced a significant improvement in spatial memory as indicated by their increased recognition index. On the Y-maze, J147 mice made a higher percentage of spontaneous alterations indicating better short-term memory. Finally, these mice were tested on the Barnes maze, which is also a spatial learning and memory test (Barnes, 1979) where the J147 supplemented mice made significantly fewer errors than control mice on the retention test portion of the assessment. The authors, after noticing the success of J147 in normal mice and rats, tested this compound on a transgenic model of AD, the huAPP/PS1 mice. These transgenic mice were fed J147 at 200 ppm from 4 months of age. At 9 months of age, the mice were assayed for memory deficits in the MWM. By day 5 of the MWM test, J147 mice learned the task but the untreated AD controls did not. In the probe trial, J147 mice spent more time around and at the target location compared to untreated controls and comparable to the wild-type controls. The cortex and hippocampus of the transgenic mice were tested for proteins involved in synaptic functionality. There was a decrease in neuroinflammation as indicated by the reduction in the microglial marker Iba1 in the hippocampus and a significant reduction in prooxidant enzymes such as inducible nitric oxide synthase (iNOS). Further, treatment increased proteins that are needed for proper synaptic function (Drebrin, synapsin 1, and synaptophysin) compared to untreated AD controls. There was also increased expression of brainderived neurotrophic factor (BDNF) without affecting the expression of BDNF's receptor, tropomycin receptor kinase B (TrkB) in both the normal rats and transgenic mice (Maher et al. 2010 ). Yanagisawa and colleagues also utilized the APP/PS1 double knockout model to evaluate another derivative of curcumin FMeC, which bears a substitution at C4 influencing the ratio of keto to enol tautomers of curcumin. Two of the derivatives, FMeC1 and FMeC2, and curcumin alone at a dose of 500 ppm were tested on the 9-month-old mice for a period of 6 months. Mice fed FMeC1 for 6 months showed a reduction in insoluble Aβ deposits and glial cell activity together with reduced cognitive deficits as indicated by shorter escape latencies and longer time period in the target quadrant in the MWM, compared to those under a control diet, curcumin alone, or FMeC2. Curcumin alone and FMeC1 changed the formation of Aβ aggregates; however, only FMeC1 significantly attenuated the cellular toxicity of Aβ. This study indicated that FMeC1 and not curcumin can potentially prevent behavioral and physiological symptoms of AD (Yanagisawa et al. 2015) .
Tau aggregates are responsible for the neurofibrillary tangles, which are one of the hallmark features in the AD brain, and tau pathologies have been closely linked to the levels of adversity in cognitive function (Pooler et al. 2013; Tomita 2017 ). Miyasaka and colleagues developed a transgenic nematode (Caenorhabditis elegans) model to express R406W (human tau) in all the neurons, which displayed the Unc phenotype. The Unc phenotype exhibited uncontrolled movement and neuritic abnormalities with loss of microtubules compared to healthy controls. The authors used tau-induced morphological abnormalities and neuronal dysfunction in this model as an analog for tau-induced cognitive decline in humans. First, they performed a drug screening process comparing the effects of different doses of methylene blue, resveratrol, trehalose, and curcumin on the behavioral activity of this transgenic model. High doses of methylene blue (200 μM) reduced the behavioral abnormalities in these worms; however, curcumin (30 μM) not only significantly reduced behavioral abnormalities, it also reduced the proportion of worms affected by this mutation. None of the other compounds improved neuronal dysfunction. The dose and the range of improvements with curcumin made it the most promising candidate for their study. Treatment of mutated worms with curcumin significantly reduced the uncontrolled movements and the neuritic abnormalities by stabilizing microtubules. Curcumin increased levels of acetylated α-tubulin, which most likely contributed to microtubule stabilization, since it did not reduce tau aggregates (Miyasaka et al. 2016 ).
None of the transgenic studies indicated any negative effects of curcumin and for most of the studies curcumin had a dose-dependent effect on biomarkers of cognition. Results from these studies suggest curcumin to improve some aspects of cognition as indicated by differences in performance in the cognitive tasks assessing spatial and non-spatial memory. Based on these results, curcumin tested on transgenic models have had positive results in regard to cognition and a general slowing of the aging process. In one study, a curcumin analogue cleared amyloid aggregates better than the parent molecule (Yanagisawa et al. 2015 ). This animal model of amyloid aggregates induced by genetic mutations does not mimic AD pathology in its entirety, as presence of amyloid in the brain does not always lead to AD. As reported from clinical trials, monocloncal antibody therapy targeting amyloid has had minimal, if any positive outcomes (Salloway et al. 2014) ; neither do tau mutation models mimic complete AD pathology, even though there are symptomatic similarities. A major clinical trial on the efficacy of a methylene blue analog for tau protein failed to meet its primary end points (Gauthier et al. 2016) . Part of the problem lies in the fact that most cases of AD are sporadic and not familial, therefore outcomes from transgenic models may not necessarily translate to humans. Further, the heterogeneity of the disease complicates the targeting process. Nonetheless, these models provide helpful mechanistic insight on disease processes.
Studies of experimentally induced accelerated aging
Often studies incorporate different methods to induce oxidative or inflammatory insult through the use of chemicals or environmental factors to accelerate aging and mimic aging diseased pathologies instead of using aged animals. D-Galactose (DGAL) is a physiological nutrient and a reducing sugar that reacts with free amines of amino acids in proteins to form advanced glycation end (AGEs) products through nonenzymatic glycation (Song et al. 1999) . AGEs have been implicated in the production of free radicals, and chronic administration of DGAL for 6-10 weeks induces significant cognitive and motor impairment. Chronic DGAL also increases oxidative stress and systemic inflammation (Cui et al. 2004 ).
Several investigators have tested the efficacy of curcumin on memory and molecular insults in DGALinduced aging rodent models. Nam and colleagues subcutaneously injected young adult male C57BL/6 mice with 100 mg/kg of DGAL to induce pathological aging for 10 weeks. Mice were gavaged with curcumin (300 mg/kg) alone or in addition to DGAL (CUR-DGAL) the last 3 weeks of the 10-week DGAL treatment. The CUR-DGAL mice and those administered curcumin alone performed better in the memory test with shorter escape latencies (MWM) than untreated DGAL controls. Curcumin treatment alone and CUR-DGAL increased nuclei involved in cell proliferation (Ki67 immunoreactive nuclei), nuclei involved in neuroblast differentiation (doublecortin immunoreactive nuclei), phosphorylated cyclic AMP (cAMP) response elements, and brain-derived neurotropic factor (BDNF) in the hippocampal dentate gyrus area compared to their respective controls (Nam et al. 2014 ). Banji and colleagues used a lower dose of DGAL (60 mg/kg) and injected it intraperitoneally (IP) to induce aging in young Wistar rats (3 to 4 months old) 1 week after starting prophylactic treatment with curcumin alone (20 and 40 mg/kg), piperine alone (6 and 12 mg/kg), or a combination treatment of curcumin and piperine. Piperine was used to enhance bioavailability of curcumin as reported by previous papers (Khajuria et al. 2002; Suresh and Srinivasan 2010) and also to evaluate whether there would be a synergistic benefit to combining two antioxidants. The therapeutic treatments were administered orally for 7 weeks. The results from this study indicate the combination therapy to be better than monotherapy. The combination therapy significantly improved spatial memory, reduced oxidative stress via significant reduction of MDA, and increase in GSH, SOD, and catalase (CAT), whereas monotherapy showed only marginal responses. The combination therapy and curcumin alone increased hippocampal volume and neuronal density. Results from this study suggest a combination of curcumin and piperine to be a superior therapy compared to curcumin alone (Banji et al. 2013) .
Homocysteine (Hcy), a sulfur-containing amino acid derived from methionine, is another chemical commonly used to induce aging in animals. Chronic administration of Hcy increases oxidative stress and accelerates aging processes in rodents, including cognitive impairment . Human studies have suggested elevated Hcy levels in the elderly contribute to brain atrophy and cognitive decline (de Jager 2014). Ataie and colleagues tested a Hcy-induced aging model to study the dose-dependent prophylactic therapeutic effect of curcumin in adult male Wistar rats. Two different doses of curcumin were administered IP 5 days prior to the Hcy intrahippocampal administration, after which both Hcy and curcumin was administered for 10 days. Hcy induced lipid peroxidation in the hippocampus and the rats had memory retention problems as indicated by their performance in the passive avoidance test. Curcumin treatment rescued the Hcy-induced memory impairment and decreased MDA and superoxide levels in the hippocampus (Ataie et al. 2010) .
Streptozotocin (STZ) is a chemical commonly used to induce diabetes and also a commonly used agent to induce aging in preclinical studies. Glucose metabolism impairment in the brain has been suggested to be an important contributor to late onset AD (Malkki 2015; Willette et al. 2015) . Two different laboratories examined the effect of curcumin supplementation in an intracerebroventricular (ICV) STZ injection-induced cognitive impairment model. Ishrat et al. tested one dose of curcumin (80 mg/kg) given orally to the rats for 3 weeks. Behavioral tests indicated curcumin to improve memory and learning impaired by STZ. The curcumin gavaged rats also had lower levels of lipid peroxidation products and an improved redox state in the cerebral cortex and hippocampus (Ishrat et al. 2009 ). Bassani et al. also induced accelerated aging via ICV-STZ injections testing three different oral doses of curcumin (25, 50, and 100 mg/kg) for 4 weeks. In contrast to Ishrat et al.'s study, the curcumin-supplemented rats did not exhibit better spatial memory, regardless of dose. Also, only the two higher doses improved object recognition memory (Bassani et al., 2017a) . There were only slight improvements in neuroinflammation with minimal but significant attenuation in the ionized calcium binding adaptor molecule 1 and glial fibrillary acidic protein expression in the corpus callosum only.
Lipopolysaccharide (LPS) is the major component of the outer membrane of gram-negative bacteria and when injected induces a major immune response which includes a strong pro-inflammatory response (Catorce and Gevorkian 2016) . Lipopolysaccharide (LPS) is often used to induce inflammation in rodent studies. Kawamoto and colleagues wanted to test whether the anti-inflammatory benefits of curcumin on neuroinflammation and its associated comorbidities like cognitive impairment was dependent on proper functioning of the inflammatory signaling pathway. In their study, they used a wild-type strain C57BL/6 as well as TNFR2 knockout mice. The experimental mice received 50 mg/kg curcumin IP for 4 days. On the last day of treatment, the mice received one single dose of LPS 2 h after curcumin injection. One dose of LPS is enough to induce cognitive impairment as well as inflammation in the CNS and the periphery. The 4-day pretreatment with curcumin ameliorated the LPS-induced memory and motor impairment. Curcumin-pretreated mice also exhibited less anxiety. The authors examined inflammatory biomarkers in the serum and hippocampus. LPS as expected significantly increased the concentration of pro-inflammatory cytokines and expression of GFAP in the hippocampus. Mice under curcumin supplementation had significantly lower levels of cytokines in the serum and a lower expression of GFAP in the hippocampus. However, in the absence of functional TNF receptors, curcumin supplementation failed to ameliorate the detrimental effects of LPS (Kawamoto et al. 2013) .
All of the studies included a wild-type untreated control that exhibited behavioral and pathophysiological aging processes induced by the chemicals. Overall, studies using chemically induced aging models indicate curcumin to significantly reduce both inflammation and oxidative stress. Treatment with curcumin did not have any side effects. The DGAL studies used different doses of DGAL, different doses of curcumin, and different species but their mode of curcumin treatment was similar. The lower doses of curcumin failed to show an improvement in memory when administered alone, indicating curcumin to have a synergistic effect with piperine and that successful treatment can be achieved with lower doses of curcumin when combined with piperine. The STZ studies used different doses of STZ and curcumin but used the same species and same mode of treatment administration. The dosage of STZ in Bassani's study (3 mg/kg) was double that of what was used in Ishrat's study (1.5 mg/kg). The two studies also used two different methods of analyzing spatial memory, which could have contributed to the discrepancy in spatial memory results; Ishrat et al. used the MWM, whereas Bassani and colleagues used the Y maze. Lastly, in the LPS-induced inflammation study, functional TNF receptors were necessary for the mice to benefit from curcumin treatment. These studies provide useful information about the effects of curcumin in its ability to reduce inflammation and oxidative stress. However, it is harder to translate these results for clinical outcomes of regular aging and even that of pathological aging because they are not reliable analogues of the time-dependent process of human pathological processes in age-associated diseases such as AD. Generally, the use of experimentally induced aging studies is done for time, money, and aged rodents' availability constraints. Therefore, one should be cautious while interpreting results from chemically induced models and avoid large-scale extrapolations from these studies to explain how curcumin modulates the aging processes.
Studies of aging induced by environmental factors
Chronic stress has been identified as a risk factor for AD and has been utilized in pre-clinical studies to induce AD (Leonard 2017; Lin et al. 2016; McEwen 2005; Piirainen et al. 2017 ). Rinwa and Kumar used a 28-day chronic stress paradigm made up of random patterns of mild stressors. Mice were injected with different doses of curcumin with or without piperine (20 mg/kg) 30 min before each stressor administration. Behavioral tests were conducted between days 20 and 28. Interestingly, chronic stress significantly reduced sucrose consumption, which was rectified by curcumin. There was a dose-dependent effect to this behavior, where 100 mg/kg of curcumin by itself had no beneficial effect; however, 200 and 400 mg/kg of curcumin increased sucrose consumption. Further, a combination of 100 mg/kg of curcumin with 20 mg/kg reversed the sucrose consumption to normal levels. Chronic treatment with curcumin (200 and 400 mg/kg) significantly improved spatial learning and memory in a dosedependent manner. The same improvement was reported for mice on the combination treatments with lower doses of curcumin. Curcumin supplementation also significantly decreased corticosterone levels indicating stress alleviation. Additionally, the authors found that curcumin supplementation improved mitochondrial enzymes (complex I to V) and redox state indicators such as GSH, CAT, SOD, MDA, and nitrite. Addition of piperine to the lower doses of curcumin (100 and 200 mg/kg) potentiated their beneficial effects. Results from this study confirmed the deleterious effects of chronic stress on memory and how curcumin can alleviate these symptoms potentially via reduction of corticosterone. In addition, the results indicated that a smaller dose of curcumin could be used for the same beneficial effects by combining treatment with piperine (Rinwa and Kumar 2012) . The Rinwa and Kumar study was the only study found that reported on the effects of environmental factors such as chronic stress on memory and the efficacy of curcumin for cognitive decline induced by chronic stress. Chronic stress and depression have been reported to share some of the same mechanistic pathways and behavioral symptoms. Curcumin has been clinically studied for depression and anxiety with positive outcomes being reported (Sanmukhani J 2014; Esmaily H 2015; Ng QX 2017) . There needs to be more preclinical studies with different stress paradigms to evaluate the effect of curcumin on chronic stress, since the Rinwa and Kumar study showed promising results with regard to behavior and corticosterone levels.
Studies using a normal aging model
Aging is the main risk factor for cognitive decline, therefore it is imperative to know how curcumin supplementation would impact a normal aging model. Belviranli and colleagues gavaged aged (20 months) female Wistar rats with 300 mg/kg of curcumin for 12 days and behavioral tests were conducted at 7 days of curcumin treatment. The authors chose this dose based on previous studies that demonstrated antioxidant and neuroprotective effects on rats. Curcumin supplementation improved spatial memory and decreased MDA in the brain but there were no changes in plasma MDA and no significant changes in the protein carbonyl and GSH concentration in both the plasma and brain (Belviranli et al. 2013) . Another study tested three doses of curcumin (100, 200, and 400 mg/kg) in normally aging middle-aged rats (12 months) for 6 months. To analyze the effects of aging, the authors collected serum to measure albumin, globulin, and albumin/globulin ratio; they also measured CRP, lipid peroxidation products, total antioxidant capacity, SOD, and nitric oxide (NO). The rats fed the two higher doses of curcumin had significantly lower levels of CRP compared to sham control and those gavaged with the lowest dose of curcumin. However, rats fed the highest dose also had high levels of MDA, indicating curcumin can induce lipid peroxidation at higher doses. Rats receiving the two highest doses also had high levels of NO in their plasma. Results from this study indicate that curcumin's beneficial effects are dose dependent and higher doses of curcumin may not necessarily be beneficial, displaying a hormetic effect (Shailaja et al. 2017 ). Dong and colleagues studied the short-term (6 weeks) and long-term (12 weeks) effects of curcumin (480 mg/kg of feed) in aged male Sprague-Dawley rats (15 months old) evaluating both behavioral and physiological effects (Dong et al. 2012 ). Curcumin did not have any effect on motor behavior but both treatment periods had significant cognitive effects. Both treatment periods improved social recognition index, which is a measurement for non-spatial learning; however, only those that underwent longer treatment had better spatial learning. Further, the mice with the longer treatment also had enhanced cell proliferation in the dentate gyrus indicating neurogenesis. The authors also studied modulation of gene expression by curcumin, which was evident for both treatment periods. The results indicated major changes in genes involved in neurogenesis, brain development, and cognitive function. The authors concluded that a longer treatment would promote overall cognitive improvement.
The authors of this review paper conducted a study on curcumin on ad-libitum fed aged 15-month-old C57BL/6 male mice (Sarker et al. 2015) . We tested 1000 ppm of curcumin for 3 months in middle-aged male C57BL/6 mice. The accumulated weight and adipose tissue of middle-aged, ad-libitum fed laboratory mice was targeted as an analog for human mid-life obesity in this study. The mice fed a curcuminsupplemented diet were compared to that under caloric restriction. Caloric restriction is a dietary regimen that has been reported to successfully increase healthy lifespan which includes delaying cognitive decline, decreasing oxidative stress and inflammation along with reducing body weight (Forster and Lal 1999; Forster et al. 2003; Joseph et al. 2009 ). Results from our study indicated curcumin improved executive function but not spatial memory. Also, curcumin supplementation decreased systemic inflammation and improved redox state (Sarker et al. 2015) .
Results from studies using a normal aging model indicate that even without severe pathological conditions, curcumin can slow down age-associated cognitive decline, and oxidative stress and inflammation, two processes that have been implicated in the progression of cognitive impairment. In Shailaja et al. (2017) study, the different effect of the highest and lower doses of curcumin indicates a hormetic effect where the highest dose in that study actually increased lipid peroxidation. This suggests that the dose of choice for studying efficacy of curcumin is important when translating results. There was also a difference in the spatial memory results between two studies that used the same species but had different modes, dosages, and intervention periods. This discrepancy however can be attributed to the difference in doses with the dose of curcumin being almost 100 times higher in the Belviranli et al. (2013) study compared to Dong et al. (2012) study. However, curcumin may produce the same effects at a lower dose but with a longer treatment period in a normal aging model as indicated by improvement in spatial learning when rats were kept on the treatment for 12 weeks and not 6 weeks (Dong et al. 2012 ). This maybe favorable since there have been some reports of gastrointestinal issues with higher doses of curcumin in humans. Our study used an intermediate dose as compared to Belviranli and Dong but did not show favorable effects on spatial learning, despite an equivalent intervention period to Dong and colleagues. The difference in spatial memory results could be the difference in species. Further, we found an improvement in executive function, which was not measured by Belviranli or Dong. Results reported from these studies provide a vast range of data from doses to use and the ideal intervention period for maximal beneficial physiological and functional changes. However, the varying doses and treatment periods also make it harder to translate to the clinic due to the lack of consistency in the preclinical data. It should be noted that the studies using different animal models to test the efficacy of curcumin is pertinent to treatment efficacy. Reporting of the rationale for dosing decisions would benefit clinical research by providing information for the optimal dosing regimen to test for maximal efficacy. Another limitation in preclinical studies studying curcumin efficacy for cognition is the lack of data from female specimens in a majority of these studies. Our follow up study comparing male and female middle-aged and aged C57BL/6 mice indicated sex-dependent metabolic and behavioral differences after a high-dose curcumin treatment (unpublished results). Studies across species have firmly established differences in male and female brains (Huang and Woolley 2012; Jazin and Cahill 2010) . Addressing sex differences in relation to curcumin intake will provide more robust preclinical data to inform translation to broader, inclusive clinical studies on curcumin efficacy. Even with these commonly encountered design variabilities in the early stages of pre-clinical investigation, the results of the present review indicate efficacy of curcumin in the amelioration of cognitive decline. Table 1 includes preclinical studies and their main findings discussed in this section.
Human studies and clinical trials
Although preclinical studies have repeatedly demonstrated positive therapeutic effects of curcumin in regard to age-related memory loss and neuronal integrity as well as established biological rationale, similar levels of success have yet to be demonstrated in clinical studies. The number of clinical trials testing the therapeutic potential of curcumin to slow or prevent cognitive aging has increased in the last few years. However, since most of them are ongoing, only some of the results have been published. Table 2 includes published results of human studies/clinical trials.
Baum and colleagues conducted a 24-week doubleblind randomized clinical trial testing curcumin in patients with progressive cognitive decline according to diagnostic criteria laid out by the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer Disease and Related Disorders Association for probable or possible AD. Thirty-four subjects between the ages of 59 and 85 were selected to participate in the study and randomized to 3 groups; 4, 1, and 0 g (placebo) of curcumin. Subjects ingested curcumin in either capsule or powder form. Additionally, subjects were given 120 mg standardized gingko leaf extract as previous studies with gingko had displayed a moderate cognitive benefit. Plasma was measured at baseline, 1 and 6 months for isoprostanes and antioxidants, and serum was collected to measure Aβ. At 6 months, there were no significant differences in MMSE scores between any of the groups compared to placebo for subjects taking either form, and the controls also did not have a decline in their MMSE score after 6 months. Serum Aβ concentration did not differ between groups. Changes in plasma isoprostanes concentration between baseline and at 6 months were not significantly different for the different doses. The authors also measured the bioavailability of curcumin at various time points by measuring the concentration of curcumin after 4 g of curcumin intake in the plasma of 1 non-demented individual. The level of curcumin peaked at 250 nM at 1.5 h and at 270 nM in 4 h. At 24 h, the level of curcumin fell to 60 nM. Curcumin supplementation also increased serum Aβ levels, although not significantly. Since curcumin has been reported in other studies to disaggregate Aβ in the brain, the authors conclude this ability • No difference in hippocampal SOD content
• Highest dose significantly increased p-NMDAR expression
• Increase in p-CAMKII expression in the hippocampus of mice given the highest dose.
• Dose-dependent effect on escape latencies ( • Improvement in locomotor activity was dose dependent and lower doses had improvements too when may lead to releasing Aβ into circulation. The authors concluded that curcumin use was safe but was not efficacious for cognitive improvement at this intervention period. However, the authors note that the lack of decline in cognition as measured by the MMSE in placebo could have hampered their ability to detect any effect of curcumin. They also recommend the use of a more sensitive cognitive screen like the Alzheimer's Disease Assessment Scale-cognitive scale (ADASCog). Further, since there were not any metabolite differences between the 1 and 4 g cohorts, the authors suggest using a lower dose and increase the duration of the study (Baum et al. 2008 ).
Ringman and colleagues performed a 24-week randomized, double-blind, placebo-controlled study of curcumin with an open label extension to 48 weeks. Thirty-six subjects diagnosed with mild to moderate AD were selected to participate with a study partner. Subjects were assigned to either receive placebo, 2 or 4 g of curcumin C3 complex in capsule form. The curcumin C3 complex includes curcumin and the two major curcuminoids in smaller proportions, 15 to 25% of demethoxycurcumin and 2.5 to 6.5% of bisdemethoxycurcumin. The primary outcome measures for this study were tolerability and cognitive scores which included the MMSE scores and the ADAS-Cog scores. Secondary outcome measures included the Neuropsychiatric Inventory (NPI) and the Alzheimer's Diseases Cooperative Study Activities of Daily Living (ADL), which were administered at baseline, 24, and 48 weeks. Plasma and cerebrospinal fluid (CSF) were collected at baseline and 24 weeks to measure levels of Aβ 1-40 and Aβ 1-42 in plasma and levels of Aβ 1-42 , t-tau, p-tau 181 , and F2-isoprostanes in CSF. The curcumin supplementation was reportedly well tolerated, although there were a few subjects who opted out due to gastrointestinal issues both in the placebo and the curcumin group. However, there was no demonstrable clinical or biochemical efficacy against AD. There was however a trend of memory worsening in subjects taking 2 and 4 g of curcumin according to the MMSE as compared to subjects on the placebo. Biochemical measures of isoprostanes did not show any significant differences from baseline with or without curcumin. Also, there were not any significant differences in the plasma and CSF levels of Aβ 40/42 compared to control; in fact, plasma levels of Aβ 40/42 were lower than baseline at 6 months after curcumin treatment regardless of dose, unlike Baum et al. study. The authors concluded that the lack of translation could None be attributed to the differences in rodent and human models of amyloidosis, behavioral symptomology of AD, and the difference in metabolism of curcumin in rodents versus humans (Ringman et al. 2012) . Hishiwaka and colleagues presented three case studies where elderly subjects experienced a significant improvement in behavioral symptoms associated with AD after 12 weeks of turmeric treatment. These subjects were already diagnosed with AD and were on donepezil. Two subjects were also on Yokukanasan, a traditional Japanese medicine prescribed for cognitive difficulties. All three had an MRI indicating symmetrical bilateral temporal atrophy, although subject 3 also had atrophy in the parietal and posterior cingulate area. Cognitive decline and functional behavior were assessed with NPI and MMSE. Case 1 received 764 mg/day of turmeric (100 mg/day of curcumin) for 12 weeks. Compared to baseline, the NPI indicated a significant decrease in agitation, apathy, anxiety, and irritability. However, there was no improvement in the cognitive score on the MMSE from a baseline score of 1/30. Case 2 was administered 100 mg/day of curcumin for 12 weeks after which there was a significant decrease in the NPI score and a lessening of reported caregiver burden. Case 3 was administered 100 mg/day of curcumin for 12 weeks. The MMSE score went up by 5 points from a baseline of 12/30 and behavioral symptoms stabilized. The authors concluded based on these three cases that curcumin relieves behavioral symptoms associated with AD (Hishikawa et al. 2012 ).
Cox and colleagues investigated the effect of a lipid curcumin formulation (Longvida optimized curcumin lipidated 400 mg with 80 mg of curcumin) on mood and cognition in a randomized, double-blind, placebocontrolled trial of 60 non-demented adults between the ages of 60 and 85. The purpose was to test for the efficacy of curcumin for improving cognition in an older population. Subjects were tested either after acute (1 or 3 h) or chronic (4 weeks) administration of curcumin or acute-on-chronic administration (1 and 3 h after single dose following chronic administration). The authors reported an improvement in working memory after both acute and chronic administration of a solid lipidated curcumin formulation. Subjects on curcumin did significantly better on the digit vigilance task after acute treatment. Subjects on both the acute and chronic curcumin treatment had significantly better performance on the serial 3 subtraction task than their counterparts on placebo. Chronic treatment also improved mood and general contentedness as well as decreased overall and physical fatigue as measured by the Chalder Fatigue Scale. Other non-behavioral improvements included a significantly reduced total and LDL cholesterol (Cox et al. 2014) . The authors of this study are currently conducting a phase 3 study registered with the Australian and New Zealand clinical trial registry (ACTRN12616000484448) where they are testing the same dose as their pilot study but in a 12-week period. They are collecting data on different cognitive and other behavioral measures. They are also measuring blood biomarkers of inflammation such as cytokines, CRP, and erythrocyte sedimentation rate; and oxidative stress, 8-hydroxy-2′-deoxyguanosine, MDA, and total antioxidant capacity. In addition, the authors are also measuring blood biomarkers of beta amyloid and neurogenesis. Another unique aspect of this trial is the proposed fMRI assessments to measure cerebral oxygen metabolism in response to curcumin treatment during cognitive tasks.
Another group from Australia, Rainey-Smith et al. (2016), reported on the results of a 48-week randomized placebo-controlled, double-blind study that investigated the efficacy of a curcumin formulation in preventing cognitive decline in an elderly non-demented population. Normal cognitive decline was based on score on the Montreal Cognitive Assessment (MoCA). A total of 160 subjects participated in the study. The curcumin group ingested 500 mg of Biocurcumax (BCM-95) three times a day for a dose of 1500 mg/day. The authors selected this curcumin formulation due to its reported enhanced oral bioavailability. They implemented the final dosage incrementally to prevent gastrointestinalrelated adverse events reported in other studies. Comprehensive cognitive assessments were conducted at baseline, 24 weeks, and 48 weeks of treatment. DNA samples were also genotyped for APOE status. The only significant difference in cognition measures occurred at the 24-week mark where the subjects in the curcumin group did significantly better on the MoCA compared to the placebo group. However, at 48 weeks, the cognitive difference was not present. The subjects did not display any significant differences at either time point in noncognitive assessments such as stress and anxiety. This study did not measure any inflammatory or oxidative stress physiological markers (Rainey-Smith et al. 2016) . Based on the demonstrated cognitive benefits, the authors of this study are conducting a phase II sister study (ACTRN12613000681752) with individuals who have reported memory complaints and score less than or equal to 17 on the MoCA during their baseline assessment. They are using the same dosage, same incremental way of implementing the final dose, and will study the same primary and secondary outcome measures but with individuals in the mild cognitive impairment (MCI) and early AD stage.
Based on published results of clinical studies thus far, the efficacy of curcumin for cognitive improvement or amelioration of age-associated cognitive decline has been inconsistent, but nonetheless informative. The mixed translational results may be due to the use of relatively insensitive or incomplete assessments of cognition. The use of a more sensitive and valid assessment such as the CDR Worksheet (Hughes et al. 1982) , which is a semi-structured interview and rates patients on a 5-point scale characterizing six domains of cognitive and functional performance, increasing data reliability through its combined emphasis on both cognitive and behavioral data and staging criteria.
Another issue related to lack of translation is likely due to lower curcumin bioavailability as reported in several pharmacology studies (Adiwidjaja et al. 2017; Kumar et al. 2010) . Based on our review, studies that have utilized a lipidated curcumin pill for better bioavailability have yielded positive results. An additional issue in translation is the lack of power inherent in many early smaller clinical studies, which typically result in mixed findings across the literature.
Conclusion
This narrative review of curcumin found that preclinical studies consistently demonstrated its efficacy for ameliorating or preventing cognitive decline. The early clinical studies to date are less consistent and highlight the problems in translating basic research to clinical research. The problems range from a lack of consistency in defining aging in preclinical animal models as well as an over reliance on behavioral symptomology of AD to use as an analog for animal models. Even with the different animal models and the difference in cognitive benefits, curcumin consistently decreases both systemic and neuroinflammation as well as improves redox state. Unfortunately, the clinical studies to date did not include different measures of inflammatory and oxidative biomarkers. Considering that numerous studies (both preclinical and clinical) have reported these two processes to be closely associated with age-associated cognitive decline, including these biomarkers in clinical studies may yield further insight into why curcumin has not shown consistent cognitive effects in humans. Further, since curcumin clears amyloid beta in the brain, this might also be a future target for clinical investigations.
In sum, preclinical studies demonstrate benefit for the use of curcumin regardless of the mode, intervention period, or dosage, although the specific cognitive and physiological benefits varied between studies. There have been too few clinical studies to date to provide conclusive evidence for the efficacy of curcumin for cognitive decline, although some have demonstrated beneficial effects. In order to better demonstrate the efficacy of curcumin for cognitive improvement in clinical trials, future studies should define dementia by using biomarkers such as amyloid and tau status in addition to more sensitive behavioral assays.
This review attempted to present a comprehensive and unbiased review of the preclinical and clinical studies on curcumin and its efficacy for cognition. As with any narrative review, the lack of a meta-analysis is a limitation. Additionally, instead of utilizing a set criterion, this review included all studies that were pertinent to address the question of the current state in the translation of research for curcumin as a therapeutic agent for cognitive aging and aging-associated pathological cognitive decline.
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